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SUMMARY

The volumesof ChinesehamsterV279-171b❑ulticellularspheroidsgrown

In spinnerculturewere measuredand correlatedto DNAdistributionand

cell volumedistributioninformation. Spheroidgrowthcurveswere obtained

over a 21 day periodusingboth electroniccell volumemeasurementsand

ricro:!copemicrometersizing. The spheroidswere collectedfrom the

aperturetube afterelectronicsizing,and singlecell suspensionswere

prepareovia trypsinization.Saline-washedcells were then stainedwith

mithramycinand analyzedas unfixedor ethanol-fixedcells for both cell

volumeam DNA fluorescencemeasurements. Spheroidgrowthwas determined

to have an initial~ to 9 day rapidgrowkh phase,and L slow phase from 10

to 21 days. The singlecell volumedistributionsof cellsobtainedfrom

spheroidswel’edependenton spherol.dvol’neand th* relativeproportionsof

smallvolume~loncyclingcells to large ‘/oLumecyclingcells comprisingthe

spheroidswere also uependenton spheroidvolume. DNA distributiondata

and dual parameterDNA distributioncell volumecontourpatternsobtained

for singlecellsdissociatedfrom spheroidswere closelyrelatt’dto the

❑easuremlspheroidvolumeand revealedthat the fractienof small,hypoxic

Go-likecellswas greatestin oid, large spheroids.

IndexingTerms: Spheroids,Cytokinetic,Flow Cytometry,DN/ Distributions,

and Cell Volume,
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INTRODUCTION

Tumor growthand delaymeasurementsas well as cell-cyclemeasurements

have been widelyueed as tumor biologyendpoints(22,24,8). A better

understandingof tumor kineticsmight resultfromdetailedcorrelative

informationfor tumorgrowthdynamicsillrelationto cell-cyclehnetic

propertiesof subpopulatianscomprisingthe tumor.

Multicellularspheroidsare of inte~mediatecomplexity,betweenh

~ monolayercultu”edcells and subclinicalsizeLQQYQ nodulartumors

or earlyaeta9taticfoci. Spheroidsare comprisedof ‘let~rogeneoussub-

populations(6,7) and providea usefulcell systemfor studyinggrowth

dynamicsby electronicvolume (2) (i.e.,Coulterprinciple)

monitoringthe cytokineticDNA distributionand cell volume

of cellswhicncomprisethe spheroids. To date, electronic

and for

distributions

cell volume,

enumeratlol]and sizing (2) of singlemammaliancells have been extensively

used and the underlyingtheorydescribed(1,2,12,25,26).Conventional

Coulter-typeapertureshaving 10 to 2000 P dia. orif~cesaro availablefor

singlecell and largeparticlesizing (’

thinusefulnessof meaauringcell volume

informationeitherseparately(13,16,19

parameters(4,11,20,23,28).

4). Variousreportshave described

in relationto cell-cycle

29) and in coinclden~ewith oth~r

In the presentreport,the growthof V279-171bChinesehamsterlung

multicellularspheroidswere studiedand correlatedwith flow cytometric

mmsurud oell-cycloDNA distributionsand cell volumedistribution for

singlecellscomprl,si~the spheroids. The purposewas: first,to use

electronicvolumeof spheroidsaY an accuratemeasureof spheroidvolll!ne

for desoribjnuspheroidgrowthcurves;and second,W directlycorrelate
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spheroidvolumewith the singlecell DNA distributionsand cell volume

distribution POP cells comprisingthe same spheroids.
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AND METH02S

ChinesehaL..:erlung cells (V2?9-171b)were grown aa monolayercul-

turesusingbasal❑edium/Eagle(BME)plus 15% fetalcalf serum (FCS).
I

Sphe?oidcultureswere preparedby seedingfrsshlytrypsinizedcells into

BKE plus 5% FCS at a concentrationof 1.5 x 104 cells/mlas previously

described(7). Routinely,spheroidcultureswere maintainedfor 21 days

an~ aliquot9of suspend~ spheroidswere sampledat varioustimesstarting

at day O.

Qf~

freshlyharvestedV279-171bspheroidswere gentlygashedin 5°C

physiologicalsaline,and eithersupravital-gtainedfor 5 ❑in. wi~h

0.1 ❑g/100ml acridine-orange(BasicOrange 14, Matheson,Coleman, j

Bell,Norwood,Ohio),or with ❑ithramycin(3). The morphologyof freshly

stainedspheroidswas examinedby fluorescence❑icroscopy,and size

❑easurem’mntswere ❑ade ueinga calibratedeye-piecemicrometer.

❑easurementswere then comparedstatisticallyto the electronic

❑easurements,

T,~ese

volume

c (CouLer)t v~ of slm~

Electronicvolumemeasurementsof int~ctmulticellularspheroidswerti

obtainedfrom fFeshlyharveatoclspheroidswhich had been culturedfur

varyi~gperiodsranuingfromO to 2( ‘lays.Spheroids>ugpendedin saline,

were hydrodynamicallyfocusedthroughan aperture(CoulterElectronics,

Inc.:Hlalenh,Florida)with a 10COv din. sapphireorifice. The focusing
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tube consistedof a 7-cm long stainlesssteel tube (id. 2.6 mm) with a

press-fitRexoliteplastic(PolymerCorp.,Reading,Pennsylvania)800 IJ

dia. orifice,mountedon an X, Y, Z micromanipulatur(Fig. 1).

SignaLsarisingfrom spheroidspassing+hroughthe orificewere ampli-

fied usinga standardLASL designedelectronicamplifiercircuit(28) as

illustl’i~ted In Fig. 1. The amplitudesof the long analogsignals(100 to

250 P sec. rise times)were capturedby a gated peak sense-and-holdcircuit

(28). Each signalamplitudewas held some 50 p sec. and a short portionof

this held signal (approx.10 P sec. wide pulse)was gated out in order to

providea rectangular[JJIS@ shapeand pulse~urationthat the analogto

digitalconverter(ADC)would accommodate. Each pulse was then digitized

by a NorthernScientificmodel 623 ADC. The digitizeddata were stored

using a NorthernScientificmodel636 pulse heightanalyzer(PHA) linkedto

a LSI-11/2microprocessor(DigitalEquipmentCorporation(WC), Maynard,

Massachusetts),which featuresseveralperipheraldevicesincluding:

graphicsterminal;dual floppydisc: and hard copy. The softwareoperating

~y~te= was ~T-11 version 3B (DEC).

s of ~~

Spheroidswere collectedfrom the aperturetube Immediatelyafter

sizing,and singleoell suspensionspreparedby trypsiniza.ion,followedby

two salinewashesat 5°C (10 rein,800 rpm centrifugation,each wash). The

dissociatedspheroidcellswere subsequentlyanaiyzedas eitherunfixed

cells stainedfor 5 min with mithramyci~in salineor as ethanolfixed

cells (2-3hr fixation,followedby a salinewash prior to stainingwith

mithramycin)usir:gmit!wamycinconcentrationssimilarto that previously

described(3). Thesemlt!]:’amycin-stainedcells were then analyzedon the



Los AlamosComputer-BasedMultiparameterCell Sorter (17)with laser

excitationat 457.9nm. The flow cytometricdata acquisitionand display

programsused have been reported(21). IX4Adistributionswere determined

by means of’computerprogramsdescribedpreviously(5,9).
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NA F~ ProQ~

Chinesehamsterlung multicellularspheroids(V279-171b)growingin

spinnerculturefor O to 21 days were studiedusing fluorescent❑icroscopic

examinationof wet-mountpreparationsof unfixedspheroidsstainedwith

eitheracridim-orangeor ❑ithramycti. Detailedcytologicaland

morphologicalcharacteristicswere readilyevidentusing 300 to 500 nm

broad band excitationad a 530 nm barrierfilter. A-O stainedspheroids

displayeddifferentialgreen nuclearfluorescenceand orange to red

cytoplasmicfluorescence(Fig.2). Interphaseand ❑itoticphase cells were

readilydlstinguighableupon examinationby oil immersionmicroscopy.

Mithramycin-stainedspheroidsshowedcomparablecytologicaldetail,but

were not used for micrometersizir,gdue to rapid fluorescencefading.

Comparisonof the ❑ithramycinstainingpropertiesof V279-171bcells

indicatedthat the”emissiongpectrawere similarfor unfixedand

ethanol-fixedcells. More importantly,the DNA fluorescenceper cell

detectableby flow cytometrywere comparablefor unfixedand ethanol-fixd,

Balineuashd cells. Therefore,esaenciallythe same DNA digtrlbutiona

rouldbe obtainedwith unfixedas with ~lxedcells (10).

The ❑ain differenceobservalhas been that the mithramycln-bl~ding

equilibriumtime 13 longerfor

than for ethanol-fixeisaline

in separ.,~estudies(15).

nfixed V279-171bcells (approx.3 to 4 ❑ti)

washedcells (approx.~ 1 rein)as described



‘iDher’~ VOIW in ReWion to DNA J)istriWon and Cell Vol’u.!gg

Spheroidelectronicvolumedistributionswere obtainedat various

timesdur~ngthe twenty-oneday culturep~riodusingthe instrumentshown

in Fig. 1. Figure3 providesan exampleof the long analogpulsesdetected

(100to 250 u sec. rise times)for spheroidstogetherwith a volume

distributioncurve obtainedfor 14 day old spheroids(meandiameterfrom

micrometermeasurementof = 512 u). Immediatelyafter each spheroidsample

volumemeasurement,sedimentedspheroidswere collectedfrom the apertur

tube and dissociatedinto singlecellsvia trypsinizationfor flow

cytometricanalysis. The resultsfor spheroidvolume❑easurementstogether

with the DNA distributionsobtainedfor the singlecells from these same

spheroidsare shownin Fig. 4. Tfiedata f Fig. 4 representone of two

replicateexperiments(7 sampleperiodsper experimentwith triplicate

samplesfor each period)with the same results. The spheroidvolumecurve

(dashedline,Fig. 4) describesGompertziangrowthdynamics(18),vith a

rapid growthphase the first8 to 9 days followedby a slow growthphase

from 10 tG 21 days. Statisticalcomparisonof the micrometerand

electronicspheroidvolumeestimatesindicatedreasonableagreement(P =

0.05).

The DNA distributionsof spheroidcells were characterizedby a rapid

decreasein S and G2M cellsduringthe first 8 to 10 days followedby a

relativelystableperiodfrom 10 to 21 days (Fig.4).a Singlecells

transferredto gpinnercultureson diiyO had DNA distributionsof Go/G. =

22 tO 23%, s s 63 to 65%, and G2M = 10 to Ii%, By day 10, some 21-23%of

the spheroidcells were in S-phase,about 65% in Go/G, and 9 to 10$ in G2M.

There was littlechangefromday 10 to day 21. The time-dependencyfor
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spheroidDNA

changeswere

obtainedfor

distributionchangesin relationto cell volumedistribution

evidentin dud parametercontourand isometricdisplays

each of the seven sampleperiodsfrom day O to 21 (e.& see

Fig.5). The decreasein the S and G2M cyclingcells evidentduring the

first 10 day cultureperiodoccurredconcomitant with a build-upin the

proportionof small volumecellshavingGo/G, llNAfluorescence

(Fig.5). Table flshows the estimatedcyclingfractions(i.e.,G, + S + G2

+ M) for cells from spheroidshavingdifferentvolumes(i.e.,times in

culture). With time, the SGy ~ ‘+ ~ ratio increased,particularlyduring
2

the first 10 day cultureperiod,e.g., from 0.32 at day O to 1.86at day

11. This reflectsthe build-upof small volume,noncyclinghypoxicand

nutrientdeficientGo-likecell~ in the spheroids,as does the ratioof

estimatedcyclingfractionto spheroidvolume(Table1). For comparison,

jH-TdRlabelingIndicesdata for the samepublishedmitoticindicesand

spheroidline (7) are also shownin Table I.

a
The cell dissociationmethodused (6,7) yieldedconsistentresultswhich

were consideredto be representativeof the intactspheroidpopulation.

Experimetltsare in progressto furthertest whetheror not spheroid

trypislaizatlonyieldssinglecell preparationshavingnoncyclingand

3cyclingcells in totalagreementwith H-thymidineand 125
I-idodeoxyuridine

radi.otracerkineticand autoradiographiclabelingdata.
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DISCUSSION

The resultsdemonstratethe use of electronicvolumemeasurementfor

multicellularspheroids. Statisticallyaccurate(p ~ 0.05) volume

measurementsof ChinesehamsterV279-171bmulticellularspheroidswere

obtainedfor growthdescriptiveanalysis(e.g.,see Fig. 3). Spheroid

vollameand growthdynamicswere comparedwith DNA distributionand cell

volumedistributiondata obtainedfrom the cellswhich comprisedthe same

spher~ids. As tk,espheroidsgrew larger,therewas a concomitantincrease

Illthe proportionsof cellshavingsmallcell volumeand Go/G, DNA fluor-

escence. This build-upof (presumably)noncyclingcellswas shown to be

relatedto a decreased’spheroidgrowthrate basedon the spheroid

electronicvolumemeasurements(see Fig. U and Table 1). By utilizingDNA

distributiondata togetherwith a few reasonableassumptions(footnotesof

Table 1), the cyclingcell fractionsfor spheroidsof differentvolumes

were estimated. For example,cyclingfractionvaluesof 0.99 and 0.41 were

obtainedfor V279-171bspheroidssampledat O and 18 days in culture

respectively(Table1). Our cyclingfractionestimateswere in good

agreementwith previouslypublishedmitoticindicesand 3H-TdRlabeling

data for the rame spheroidline (7).

Achievementof accurateresista~~ce-chargepulseamplitudesensingas

in the presentstudy (or pulse-shapemeasurements)for spheroidsdependson

severalbasic factor~. Unlikesinglecells,spheroidstend to settle-out

of suspension;hencentirrin&’and hydrodynam,lcfocusingare required. We

\\sedelectrolyteflow throuuhthe sensingapertureto fo?us the spheroids

emergingfroma focusingtube. Hydrodynamicfocusingwas utilizedto

minimizeedge effectsin th~ electricfieldand was similalIn natureto



the ap~.eachdescribedbv Spielaanand Goren, 1968 (2?)for analyzing

plasticmicrospherc?s.Since spheroidsgrow to large volumes(e.g.,5 x

107 U3), the volume-to-orificediameteris more criticalwhen measurinf3

spheroiasthan when sizin<singlecells (12,25,26).A 1000 I.Idia. orifice

was used in the this study,but we plan to employa 2000 u sapphireorifice

tilthadditionalsheathflow in futurestudiesto improvesignalquality.

To accommodatethe unusuallylang anaicgpulsesof up to 250 IJsec. rise

time,a gated peak sense-and-holdcircuitcompatiblewith the ADC was used.

Directcorrelationof spheroidvolumeinformationwith flow cytometric

parametersrequiresanalysisof singlecells. This was accomplishedby

gently‘trapping”spheroidsafter electroni~sizingby insertinga nylon

mesh into the top of the aperturet~be and pipettingthe sedimtnted

spheroidsout of the tube at the entiof each run. The harvestedspheroids

were thcr,t-ypsinizedInto singlecells,whichwore furtneranalyzedfor

cell volumeand DNA distributioninformation.

Spheroidvolumeswere estimatedin the presentstud” ~y gated pulse

amplitudemeasurement,which js generallybut not alwaysindependentof

particleshape,orientation,and density(2,12,!4). Comparisonof the

spheroidelectronicvolumedata with volumeestimatesobtainedfrom

two-uimensiont~lmicroscopicmicrometermeasurementsindicatedthat the two

differentmethodsagreedat the p ~ G,05 statisticallevel, In termsof’

futuredevelopments,it would be worthwhileto use other techniquesto

obtainspheroidvolumeinformation,e.g., pulse-risetime, pulge-widthand

integratedpulsesensingfrom the electronicsignals;or pulse-risetime,

and time-of-flightmeasurements,using lightscatterand fluorescence

signalsfroma laser-basedflow cytometer. Finally,this method has

potentialfor asgesslngcht:nicalor nhysionlaqent-inducedalterationsin



spheroidgrowth. In addition,it shouldbe feasibleto studythe changes

of spheroidsubpopulations,(e.g.,noncyclingvs cyclingcells in relation

to spheroidgrowthstateor responseto therapy),with mre definitive

analyticalconfidencethan possiblewith present-availabletechnlquea.
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Table 1. Estimatedcyclingfractionsfor V279-171bspheroidsbaaed on
flowcytometrc DNA fluorecencedata.

3 3 Previouslypublishedmitotic
indices and H-Thymidine(11-TdR)auroradiographiclabelingdata(Durand,
1976,ref. 6) are also shown for comparison.

Flow Cytometric.Me~surements Durand(1976)

Go + Cl b
Time in Culture Estiinated

Estimated Cycling Frac.t.

(daya]
~G~ CyclingFract. (M.I.) (3H-TdR)

— —

o 0.32 0.99 1.05 0.99

1 0.45 ().88-0.90 0.93 0.93

3 0.79 0.71-0.72 0.75 0.72

6 1.22 0.59-0.60 0.66 0.62

11 1.86 0.45-0.46 0.46 0.55

18 2.22 0.39-0.40 0.40 0.44

~~ 2.33 0.38-0.39 --- ----

b
Assumptions:

l.GO- ().01 at t-0 dQy (6).

2.Rnte of cell-cycletrnvcrneconstnntat t=O to 21 day’~(6).

‘1.Thetrw!tlon OF cells in GI incre:lsesurd decreuae9 pruportlormlly
with the fractjon (JCCC1,LH in S 111.usG M ph:l~eq. wllerc

2
(;, (t(,)

(j(t) “
“w)) + (:,p(t(,)

x S(t ) + (;2M(t )



Fig. 1. Electronicvolume❑easurementsof’multicellularspheroids. (A)

Diagrammaticillustrationor the Coulteraperture(Ap)and

hydrodynamicfocusingtube, (FT) and ❑izromanipulator(x,y,Z),

with spheroidspassingthroug,:the lCGU u orificeard collecting

at the bottomof the aperturetube. (B) blockdiagramof the

electronicvolume ‘Ircuitry. The long analogpulseswere

processedby a gated peak-senseand hold circuit,then digitized

for pulse-heightanalysia.

Fig. 2. Photomicrographsof fluorescent,acridine-orangegtainedV279-171b

Chlne3ehamsterlung multicellularspheroids. (A) Singlecells

obtainedvia trypslnizationfrom the apheroidashown in B and C.

(B) Lcw powerview of 14 day cuituredspheroids. (C) Higherpowar

view of one of the spheroids,showingcells in the cuter region.

FiN. 3. Coultervolumedistribution of V979-171b Chineseham.lterlung
L

❑ulticellularspheroidsculturedfor 14 days. The errar limits

shown (o) re~:’esentstatisticalstandarddeviations. Insei’:

(upper traoe~an oscillosocpetya..of a spheroidCoultervolume

puls6 (approx.250 IJsee. rise t line) and (lower trace) the

corresponding gnted peak zsm+ Ind-holdpulse.
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Fig. 4. Time-dependencycurves

!nulticellul=spheroid

c~~lgdisgcciatedf’r,om

for V279-171bChinesehamsterlung

electronic‘~olumeand DNA distributionsfor

the same spheroids. Dashedlines (---)

representthe Gompertzi.ansph~roidgrowthcurveobtainedby

plottingthe electronicvoll,mesof spheroidsculturedfrom O to 21

daya. Solid lines (-— ) show representativemithramyclnflow

cytometricDNA distribut.lob:data obtained for single cells

di~sociated from these spheroids.

Fig. 5. Time-dependencyfor the i)Nldistributionsand electroniccell

volumedistributionsof singlecellsobtainedfrom V279-171b

Chinesehamsterlung ❑ulticellularspheroids. The dual parameter

DNA fluoreacencc/electronic cell volume data are plotted for

50,000 unfixed,mithram.cin-stairlsdcells,obtainedfrom

spheroidssampledat G, 10, and 21 days in culture.(Left)

contoursaro plottedat elevationsof 25, 50, 100,ZOO and 500

cells. (Jiqht)isometricplotsof the sa,nedata.
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